Recently, nuclear vibrational contribution signatures in 2D electronic spectroscopy have attracted considerable interest, in particular as regards interpretation of the oscillatory transients observed in light-harvesting complexes. These transients have dephasing times that persist for much longer than theoretically predicted electronic coherence lifetime. As a plausible explanation for this long-lived spectral beating in 2D electronic spectra, quantum-mechanically mixed electronic and vibrational states 
I. INTRODUCTION
Recent observations of long-lived beating phenomena in the two-dimensional (2D) electronic spectra [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] of photosynthetic pigment-protein complexes have stimulated a considerable increase in activity in the interdisciplinary field of molecular science and quantum physics. [11] [12] [13] [14] [15] [16] It has generally been assumed that electronic coherence decays sufficiently rapidly that it does not affect the nature of electronic energy transfer in photosynthetic light harvesting systems. Nevertheless, these recent experiments have attributed long-lived quantum beats to an electronic origin. Initially, 2D electronic spectroscopic experiments were conducted for Fenna-Mathews-Olson (FMO) pigment-protein complexes isolated from green sulfur bacteria at a cryogenic temperature, 77 K, 1, 17 and revealed the presence of quantum beats persisting for a minimum of 660 fs. 1 However, it is generally thought that coherence at physiological temperatures is fragile compared to that at cryogenic temperatures, because environmental fluctuation amplitudes increase with increasing temperature.
To clarify this issue, electronic coherence lifetimes in the FMO complex were theoretically examined, and it was predicted that electronic coherence in this complex could persist for 700 and 300 fs at 77 and 300 K, respectively. 18 These theoretical predictions were consistent with newer experimental results at physiological temperatures for the FMO complex. 4 However, Panitchayangkoon et al. 4 demonstrated that quantum beats in this complex persist for 1.5 ps at cryogenic temperatures, although the theoretical model does not produce electronic coherence with this lifetime. Hence, nuclear vibrational contribution signatures in 2D spectroscopy have attracted considerable interest of late, in particular as regards interpretations of the oscillatory transients observed in light-harvesting complexes, which persist for significantly longer than the predicted electronic dephasing times. Several independent publications have alluded to nuclear vibrational effects as an explanation for this long-lived beating behavior.
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In photosynthetic pigment-protein complexes, the Huang-Rhys factors of chlorophyll (Chl) and bacteriochlorophyll (BChl) are generally thought to be small, [41] [42] [43] [44] suggesting that the photophysics therein is primarily electronic in nature, rather than vibrational. Indeed, the recent 2D electronic experiments on BChl molecules in solution did not find significant vibrational coherence. 45 In relation to this, Christensson et al. 21 proposed that resonance be- 
II. MODEL
To clarify the impact of the protein-induced dynamic fluctuations upon quantum mechanically mixed electronic-electronic and electronic-vibrational states in a systematic fashion, we consider the simplest electronic energy transfer system, a coupled hetero-dimer. To describe electronic energy transfer (EET), we restrict the electronic spectra of the m-th pigment in a pigment-protein complex (PPC) to the ground state, |ϕ mg , and the first excited state, |ϕ me , although higher excited states are sometimes of consequence in nonlinear spectroscopic signals. 53, 54 Thus, the model Hamiltonian of a pigment-protein complex comprising two pigments is expressed aŝ
Here,Ĥ ma (x m ) represents the diabatic Hamiltonian for the environmental and nuclear degrees of freedom (DOFs), x m , when the system is in the |ϕ ma state for a = g, e. The electronic coupling between the pigments, J mn , may also be modulated by the environmental and nuclear DOFs. In the following, however, we assume that the nuclear dependence of J mn is vanishingly small and employ the Condon-like approximation as usual.
The Franck-Condon transition energy of the m-th pigment is obtained as 
By definition, the coordinate,û m , includes information associated not only with the electronic excited state, but also the electronic ground state. In this work, we assume that the environmentally induced fluctuations can be described as Gaussian processes and that the relevant nuclear dynamics are harmonic vibrations. Under this assumption, the dynamic properties of the environmental and intramolecular vibrations are characterized by several types of two-body correlation functions ofû m (t) = e iĤmgt/ û m e −iĤmgt/ , as shown below.
The environmental dynamics and intramolecular vibrational motion affecting the electronic transitions can be characterized by the nonequilibrium energy difference between the electronic ground and excited states as a function of a delay time, t, after the photoexcitation.
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The linear response theory allows one to express the nonequilibrium energy difference as 
where λ m,env and λ m,vib denote the environmental and vibrational reorganization energies of the m-th pigment, respectively. The spectral density, J m (ω), is defined as the imaginary component of the susceptibility 56 and, hence, it is expressed in terms of Ψ m (t) as
The fluctuations in the electronic transition energies are described by the symmetrized correlation function ofû m (t), defined as D m (t) = (1/2){û m (t),û m (0)} + mg . In the quantum mechanical treatment, the Fourier transform of the symmetrized correlation function is expressed with that of the relaxation function, 56 specifically,
In the classical limit of coth(β ω/2) 2k B T / ω, therefore, the correlation function of the fluctuations can be expressed in terms of Ψ m (t) as
Equations (2.6) and (2.7) suggest that the relaxation function, Ψ m (t), may be the key component for characterizing the relevant environmental dynamics and intramolecular vibrational motion.
The relaxation function can be separated into two components: an overdamped part originating from the environmental reorganization and an underdamped part induced by the intramolecular vibrations, i.e., 
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1/2 and λ vib = ω vib S have been introduced. Equation (2.6) gives the corresponding spectral density, which is reduced to in the slow vibrational relaxation limit, i.e., γ vib → 0.
An adequate description of the EET dynamics is given by the reduced density operator,
, that is, the partial trace of the total PPC density operator,ρ PPC (t), over the environmental and nuclear DOFs:ρ exc (t) = Tr envρPPC (t) 
III. RESULTS AND DISCUSSION
In this section, we present and discuss the numerical results, in order to quantify the impact of the environment upon the quantum mechanically mixed electronic and vibrational states on the EET dynamics and 2D electronic spectra of a model dimer. We focus on a dimer which produces little beating of electronic origin in the absence of vibronic contributions.
The studied dimer is inspired by BChl 3 and 4 (pigments 1 and 2, respectively) in the • . In this situation, the gap between the two electronic energy eigenstates resonates with the vibrational fre-
ω vib , and hence, the effects of the vibrational mode are expected to be maximized under the given conditions. 27 In general, the Huang-Rhys factors of BChl are small, 45 and the factor associated with the vibrational mode in this work is set to S = 0.025, 27 which is within the range of the experimentally measured values.
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The protein-environmental reorganization energy and reorganization time constant are set to λ env = 35 cm 
A. Population dynamics
In this subsection, we explore the influence of intramolecular vibrations upon the spatial dynamics of electronic excitations in photosynthetic EET.
In order to clarify the presence of the vibronic resonance and its influence upon the EET dynamics, Fig. 2 
Moreover, the large amplitude of this slower component indicates a large mixing angle, which is the resonance between the electronic and vibronic transitions. 
B. Beating in two-dimensional electronic spectra
In this subsection, we discuss 2D electronic spectra, in order to explore the relationships between the spatial dynamics of the electronic excitations presented in the preceding subsection and the information content of the 2D electronic spectra. To clarify the origins of the beatings in Fig. 4d , we decompose the nonrephasing 2D spectra to the stimulated emission (SE), ground state bleaching (GSB), and excited state absorption (ESA) contributions. However, the root mean squared amplitude of the environmentally induced fluctuations in the electronic energy is estimated as (2 λ env k B T ) 1/2 using Eqs. (2.7) and (2.9), and the quantum mixing between the strong electronic and weak vibronic transitions may be more fragile against the protein-induced fluctuations at higher temperatures. Figure 9 shows the beating amplitude of DP1 and the local maximum value of the beating amplitude in the vicinity of DP2 as a function of temperature for ω vib = 180 cm −1 . The beating of DP1
originates from the ground state vibrational coherence created via |e 0 , independently of the quantum mixture and, thus, it exhibits minimal temperature dependence as well as the vibrational frequency dependence apparent in Fig. 8 . However, the beating amplitude in the DP2 region is strongly dependent on temperature. This indicates that the environmentally induced fluctuations of larger amplitude at higher temperature eradicate the quantum mixing between the strong electronic transition of pigment 1 and the weak vibronic transition of pigment 2. At the high temperature limit, the quantum mixture and, thus, the intensity borrowing mechanism, diminish. Hence, the beating amplitudes of DP1 and DP2 converge towards each other. Figure 10 shows the time-evolutions of the amplitudes of the diagonal cuts of nonrephasing 2D electronic spectra at 300 K for (a) a coupled dimer without the intramolecular vibration in pigment 2 and (b) a coupled dimer with the intramolecular vibration. The intensity borrowing mechanism is eradicated at 300 K, as indicated in Fig. 9 , and the vibrational contribution in Fig. 10b almost vanishes as a result.
The fluorescence line-narrowing measurement of the FMO protein reveals that a vibrational mode at 117 cm −1 and several modes between 167 − 202 cm −1 have relatively strong
Huang-Rhys factor magnitudes. 42 As shown in Fig. 8 , the beating amplitude in the GSB contribution is enhanced over a wide range of vibrational frequencies near ω vib = 180 cm 
Appendix A: Equation of motion
In order to derive the equation of motion to describe EET dynamics, we organize the product states in order of elementary excitation number. The overall ground state with zero excitation reads |g = |ϕ 1g |ϕ 2g . The presence of a single excitation at pigment 1 is expressed as |1 = |ϕ 1e |ϕ 2g , whereas the other is |2 = |ϕ 1g |ϕ 2e . Since the intensity of sunlight is weak, the single-excitation manifold is of primary importance under physiological conditions. However, nonlinear spectroscopic techniques such as 2D electronic spectroscopy can populate some higher excitation manifolds, e.g., the double-excitation manifold comprising |12 = |ϕ 1e |ϕ 2e . Hence, the PPC Hamiltonian in Eq. (2.1) can be recast aŝ
In the above, the excitation-vacuum energy, E g = m Ĥ mg (x m ) mg , has been introduced; however, we set E g = 0 without loss of generality. In order to derive the reduced density operator to describe the EET dynamics, we suppose that the total PPC system at the initial time, t = 0, is in the factorized product state of the form,ρ eq PPC =ρ exc mρ eq mg . This factorized initial condition is generally considered to be unphysical in the literature on open quantum systems, 62 since it neglects the inherent correlation between a system of interest and its environment. In electronic excitation processes, however, this initial condition is of no consequence, because it corresponds to the electronic ground state or an electronic excited state generated in accordance with the vertical Franck-Condon transition. The reduced density operator for the electronic excitation,ρ exc (t), is given byρ exc (t) = Tr env [Ĝ(t)ρ eq PPC ], whereĜ(t) is the retarded propagator of the total PPC system in the Liouville space. The Gaussian property ofû m enables one to derive a formally exact equation of motion as
where the interaction representation has been employed with respect toĤ exc +Ĥ env . The integration kernel for the single-excitation manifold,K
m (t, s), is given bỹ
whereV m = |m m| has been introduced, and D m (t) and Φ m (t) are the symmetrized correlation function and the response function of the collective energy gap coordinateû(t), respectively. On the other hand, the integration kernel used to describe the double-excitation
with D 12 (t) = D 1 (t) + D 2 (t) and Φ 12 (t) = Φ 1 (t) + Φ 2 (t). The superoperator notation has been introduced,Ô for the integers (n 1 , n 2 , . . . ) satisfying α n α ω c / min α (b α ), where ω c is a characteristic frequency forL exc .
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Appendix B: Nonrephasing third-order response function
The nonrephasing 2D spectrum is calculated as
where the nonrephasing response function, R NR (t 3 , t 2 , t 1 ), is expressed as
2)
The operators,μ → andμ ← , are defined aŝ
where µ m is the transition dipole of the m-th pigment. We assume the Condon approximation and, thus, µ m is independent of the environmental and nuclear DOFs. 
In the above, | χ 
This is consistent with the approach using the vibronic exciton Hamiltonian model, 21, 27, 28, 46, 72 and, thus, the present correlation function approach certainly describes the interaction between the vibronic transitions. Furthermore, it should be emphasized that the current approach is capable of describing vibrational relaxations, vibrational states in both the electronic ground and excited states, and the influence of the environmental dynamics in a natural and consistent manner. In order to clarify the relationship between the beating amplitude magnitudes in the individual contributions, the peak amplitudes are shifted. 
